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MECHANICAL PROPERTIES O F  ECHO I1 LAMINATE 

By Howard L.  Pr ice  and George F. Pezdir tz  
Langley Research Center 

SUMMARY 

Mechanical proper t ies  a re  presented of t he  aluminum-poly [ethylene tereph- 

thalate]-aluminum laminate which i s  used t o  f ab r i ca t e  the  Echo I1 passive com- 
munications s a t e l l i t e ,  and of t he  aluminum f o i l  and poly k thylene  t e r eph tha la tq  
f i l m  which cons t i tu te  t he  laminate. T e n s i l e  s t rength,  Young's modulus, and 
elongation of 1/2-inch-wide samples were obtained f o r  s t r a i n  r a t e s  from 
0.02 inch per inch per minute t o  4 inches per  inch per  minute. Tensi le  s t r e s s  
re laxat ion of t h e  laminate w a s  determined f o r  times up t o  1,000 minutes. The 
f l e x u r a l  s t i f fnes ses  of t he  laminate, t h e  aluminum f o i l ,  and t h e  polyEthylene 
terephthalate] f i lm w a s  measured by the  heavy e l a s t i c a  method. The e f f e c t s  of 
fabr ica t ion  and handling loads on the  t e n s i l e  s t rength,  Young's modulus, elonga- 
t i o n ,  and f l exura l  s t i f f n e s s  of t he  laminate were examined. 

INTRODUCTION 

The successful appl ica t ion  of the  passive communication s a t e l l i t e ,  Echo I,  
has been amply demonstrated. The Echo I i s  a 100-foot-diameter balloon made of 
1/2-m.i1 aluminized poly Ethylene terephthalate] f i l m  which has been i n  o r b i t  
s ince August 1960. 
from i t s  o r ig ina l  shape. (See r e f .  1.) The diameter may have decreased some- 
what and what appear t o  be l a rge  f l a t  a reas  have developed on the  surface.  A s  
a r e s u l t ,  t he  r e f l ec t ed  s igna l  has de ter iora ted  considerably when compared with 
t h e  re f lec ted  s igna l  during the  e a r l y  l i f e  of t h e  s a t e l l i t e .  

During t h a t  t i m e  t he  balloon has  undergone severe d i s t o r t i o n  

As a subsequent experiment t o  Echo I, a l a r g e r  (135-foot-diameter) sphere, 
t h e  Echo I1 w a s  designed pr imari ly  as a s t r u c t u r a l  experiment. The purpose of 
t he  Echo I1 i s  t o  demonstrate the  f e a s i b i l i t y  of e rec t ing  and r ig id i z ing  a l a rge  
s t ruc tu re  i n  o r b i t .  I n  order  t o  accomplish t h i s  purpose, the  s a t e l l i t e  must be 
l i g h t  enough t o  be orb i ted  a t  a l t i t u d e s  on t h e  order  of 650 t o  1,000 miles by 
t h e  ex i s t ing  boosters .  I n  addi t ion,  t he  material must have su f f i c i en t  s t rength 
t o  r e s i s t  t h e  handling and i n f l a t i o n  loads which w i l l  be imposed upon it. The 
mater ia l  must be very f l e x i b l e  so t h a t  t h e  balloon can be compactly folded i n t o  
a protect ive magnesium can i s t e r  f o r  t ranspor t  through t h e  atmosphere. Once i n  
space t h e  can i s t e r  i s  separated from t h e  booster,  opened, and t h e  balloon 



i n f l a t e d  with a sublimating compound; therefore ,  t he  mater ia l  must be f l e x i b l e  
as w e l l  as l i g h t  and strong. 

For communications purposes, it i s  des i rab le  t o  maintain the  spherical  
shape of t h e  balloon aga ins t  t h e  deforming loads of so la r  pressure and atmos- 
pheric  drag even after most of t h e  i n f l a t i o n  material has leaked out t o  space. 
Although t h e  deforming loads are small ( s o l a r  pressure i s  1 . 3  x 10-9 p s i ,  
atmospheric drag i s  7.2 X ps i ,  see ref.  2) , such loads a c t  on the  balloon 
while it i s  i n  o r b i t .  Most of t h e  i n f l a t i n g  gas w i l l  d i s s ipa t e  t o  space a f t e r  
a f e w  weeks. Therefore, i n  order t o  maintain i t s  spher ic i ty ,  it i s  necessary 
t h a t  t he  balloon skin have res i s tance  t o  buckling. 

The Echo I1 s a t e l l i t e  i s  fabr ica ted  of three- layer ,  aluminum-poly Ethylene 
terephthalate] -aluminum laminate. 
Young's modulus, and elongation of t h e  l amina te  under t e n s i l e  load. The f lex-  
u r a l  s t i f f n e s s  of t h e  laminate i s  reported, and t h e  e f f e c t s  of fabr ica t ion  and 
handling loads on the  mechanical proper t ies  are examined. 

This paper presents  the  t e n s i l e  s t rength,  

DESCRIPTION OF MATERIAL 

The Echo I1 laminate i s  a three- layer ,  metal-plast ic  composite as  shown 
i n  f igure  1. 

f i l m  (designated PET f i l m  herein)  and t h e  outer  l aye r s  a r e  0.00018-inch-thick 
1080 aluminum f o i l .  
cement which has been modified f o r  t h i s  use.  The t o t a l  thickness of the  l ami -  
nate  i s  approximately 0.0008 inch and it weighs 0.0082 pound per square foo t .  
The b i a x i a l l y  or iented PET f i l m  used i n  t h e  Echo I1 laminate i s  the  type C o r  
capacitor grade f i lm.  (See r e f .  3.) 

The middle l aye r  i s  0.00033-inch-thick poly [ethylene terephthalate] 

The l aye r s  a re  held together  by a standard polyester  

The 0.00018-inch-thick 1080 aluminum f o i l  i s  ro l l ed  i n  54-inch-wide r o l l s  
and was produced espec ia l ly  f o r  use i n  the  Echo I1 balloon; these r o l l s  repre- 
sent a considerable production achievement i n  t h e  pack r o l l i n g  of t h i n  f o i l .  
Although t h e  nominal thickness  of t he  f o i l  i s  0.00018 inch, measurements made 
with a n  e l e c t r i c a l l y  driven micrometer indicated an average thickness of 
0.0002 inch. The. thickness  infer red  by weighing a given area of the  f o i l  of 
known densi ty  w a s  O.OOOl9 inch. The stress ca lcu la t ions  presented i n  t h i s  
paper f o r  t h e  aluminum f o i l  assume a thickness of 0.0002 inch. 
gives t h e  most conservative values of s t r e s s  of t h e  three  thicknesses described. 

This f igure  

A na tura l  r e s u l t  of pack r o l l i n g  aluminum i n  such t h i n  gages (0.001 inch 
o r  l e s s )  i s  t h a t  t he  f o i l  contains numerous holes ,  indentat ions,  and r o l l i n g  
marks which undoubtedly have a n  e f f ec t  on t h e  mechanical proper t ies  of t he  f o i l  
and the  laminate.  Figure 2(a)  i s  an enlarged view of t he  surface of t h e  alumi- 
num f o i l  and f igu re  2(b) i s  a comparable view a f t e r  lamination. What appear t o  
be holes i n  t h e  d i r e c t  l i gh ted  view ( f i g .  2 ( a ) )  a r e  ac tua l ly  indentations as 
shown by t h e  view of t h e  same area under oblique l i g h t .  Therefore, contact 
negatives were made of 432 square inches of the  f o i l  i n  order t o  obtain an 
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estimate of the  densi ty  of the  holes .  The negatives were made on f i l m  with an 
ASA speed of 600 and were exposed f o r  5 minutes. 
negatives indicated an average of about 20 holes per  square inch. No estimate 
of t he  s i ze  of t he  holes  w a s  attempted, bu t  t he  holes i n  th icker  f o i l  
(0.0004 inch) range from 10-7 square inch t o  3 x 10-5 square inch. 

Caref'ul examination of the  

(See r e f .  4.)  

Figure 2(b) shows the  surface of t he  aluminum f o i l  after lamination. The 
r o l l i n g  marks and indentat ions of the  unlaminated f o i l  a re  replaced by what 
appear t o  be f i n e  creases o r  accordion-like fo lds .  Rolling marks i n  the  laminate 
a re  v i s ib l e  under the  oblique l i g h t .  

DESCRIPTION OF TESTS 

The mechanical proper t ies  of t he  Echo I1 laminate were obtained by means 
of th ree  t e s t s :  the  t e n s i l e  s t r e s s - s t r a i n  t e s t ,  the  t e n s i l e  s t r e s s  re laxa t ion  
t e s t ,  and the  f l exura l  s t i f f n e s s  t e s t .  

S t ress -St ra in  Test 

S t r e s s - s t r a in  t e s t s  of t he  type discussed i n  reference 5 were conducted 
on the  laminate.  The load i s  applied t o  t he  t e s t  specimen by movement of the  
cross head of the  t e s t i n g  machine a t  a constant r a t e  of t r a v e l .  The cross-head 
r a t e s  were 0.1, 0.2, 0.5, 1, 2, 5 ,  10, and 20 inches per  minute. Although the 
deformation r a t e s  a re  equal f o r  the  aluminum f o i l  and the  PET f i l m  i n  a given 
t e s t ,  the  loading rates are  not i d e n t i c a l  f o r  the two mater ia l s .  Within the  
e l a s t i c  range, t he  loading rate f o r  each mater ia l  i n  the  laminate i s  proportional 
t o  the  value of Young's modulus. 
p a r a l l e l  s ides .  The t e s t i n g  machine w a s  s e t  with 5 inches between the  g r ips  so 
t h a t  the  s t r a i n  r a t e  i s  one- f i f th  the  cross-head r a t e .  The t e s t i n g  machine 
s t r i p  chart  and the  cross  head are  driven independently by synchronous motors. 
The load on the  specimen w a s  measured by a 50-pound-capacity load  c e l l .  
compensator converted the  load value d i r e c t l y  t o  average s t r e s s  i n  pounds per 
square inch. The testing-machine chart  therefore  y i e lds  stress-deformation 
curves. The average s t r a i n  w a s  obtained by dividing the  deformed length of the 
t e s t  specimen by the o r ig ina l  length  between the  gr ips ,  which w a s  5 inches i n  
t h i s  case. The values of elongation r e f e r  t o  the  values of s t r a i n  at break f o r  
t he  aluminum f o i l  and t he  PET f i l m ,  and the  s t r a i n  a t  which the  aluminum fa i l s  
i n  the  laminate. 

The t e s t  specimen w a s  1/2 inch wide and had 

An a rea  

Val id i ty  of s t r a i n  measurements.- I n  order t o  determine whether the  s t r e s s -  
deformation curve w a s  representat ive of t he  s t r e s s - s t r a i n  behavior of the  l a m i -  
nate,  a s e r i e s  of t e s t s  w a s  conducted i n  which the  s t r a i n  w a s  measured s i m u l t a -  
neously by op t i ca l  means and by the  testing-machine chart .  Two ink  marks were 
placed on one s ide of the  sample approximately 1 inch apa r t .  A 70-millimeter 
camera operating a t  30 frames a minute w a s  used t o  photograph the  separat ion of 
t he  i n k  marks as the  t e n s i l e  specimen w a s  loaded t o  failure a t  a s t r a i n  r a t e  of 
0.04 inch per  inch per  minute. 
pen on the  testing-machine char t  so t h a t  the  s t r a i n  obtained with t h e  camera 

Each opening of the  shu t t e r  sen t  a s igna l  t o  t h e  
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could be matched t o  the  appropriate stress. 
sions of 1/64 inch provided a measure of the  movement of the marks. 
f i g .  3(a).) 
the  distance between the  ink marks w a s  measured. 
could de tec t  a deformation of 0.002 inch. 

A 6-inch scale,  with l e a s t  divi-  
(See 

The exposed f i l m  w a s  processed and then read on a f i l m  reader where 
The camera-film reader system 

Because of  the  low framing rate of 30 frames per minute, there  w a s  an 
i n s u f f i c i e n t  number of photographs at the  low s t r e s s e s  t o  determine Young's 
modulus accurately.  Therefore, fur ther  tests were conducted a t  higher framing 
r a t e s  i n  which the t e s t  specimen w a s  loaded t o  a s t r e s s  of 4,000 p s i .  The 
s t r a i n  w a s  measured with a 70-millimeter camera operating a t  20 frames per 
second, which w a s  f i t t e d  with a l e n s  extension and focused on the t e s t  specimen 
so t h a t  the  1-inch length  between the  ink marks occupied almost the e n t i r e  f i e l d  
of view. The camera and the chart  were s t a r t e d  simultaneously. A l - i n c h  scale ,  
with l e a s t  divis ions of 0.01 inch, provided a measure of the movement on the ink 
marks. The distance between the ink marks w a s  determined on 
a f i l m  reader.  The camera-film reader system could de tec t  a deformation of 
0.001 inch. It w a s  necessary, because of the l i m i t e d  f i e l d  of view, t o  photo- 
graph the scale  independently; therefore  the scale  and the t e s t  specimen do not 
appear on the same frame and two frames are  shown i n  f igure  3 ( b ) .  

(See f i g .  3 ( b ) . )  

Effect  of prestressing.-  Some of the  t e s t  specimens of the laminate 
appeared t o  be wrinkled i n  such a way t h a t  the specimens deformed readi ly  a t  
low loads.  The modulus determined by such a t e s t  w a s  lower than the modulus 
obtained with specimens which were not wrinkled. The wrinkles could be removed 
by loading the  specimen t o  some low s t r e s s  before loading it t o  f a i l u r e .  To 
determine whether such pres t ress ing  would a f f e c t  the  propert ies  of the laminate, 
f i v e  s t r e s s - s t r a i n  t e s t s  were conducted i n  which t h e  t e s t  specimen w a s  loaded t o  
s t r e s s e s  ranging from 1,200 p s i  t o  8,000 p s i .  The specimens were loaded four or  
f i v e  t i m e s  a t  a s t r a i n  r a t e  of 0.04 inch per inch per  minute, and then loaded t o  
f a i l u r e  at  the  same r a t e .  

S t r e s s  Relaxation Test 

Tensile s t r e s s  re laxat ion t e s t s  were a l s o  conducted. (See r e f .  5 . )  The 
t e s t  specimen w a s  deformed a t  a s t r a i n  r a t e  of 0.04 inch per inch per minute t o  
a predetermined s t r e s s  l e v e l .  The cross head w a s  stopped so t h a t  the s t r a i n  
associated with the predetermined s t r e s s  w a s  maintained f o r  times up t o  
1,000 minutes. During t h i s  time a continuous reading w a s  made of the s t r e s s .  
The t e s t  specimen w a s  surrounded by a windshield inasmuch as the aluminum i s  
highly sens i t ive  t o  s m a l l  temperature f luc tua t ions  and caused s m a l l  and highly 
e r r a t i c  changes i n  the s t r e s s .  After the  completion of the s t r e s s  re laxat ion 
t e s t  the t e s t  specimen w a s  released, replaced i n  the t e s t i n g  machine, and loaded 
t o  f a i l u r e  a t  a s t r a i n  r a t e  of 0.04 inch per inch per minute. The s t r e s s - s t r a i n  
t e s t ,  following the s t r e s s  re laxat ion t e s t ,  provided a means of determining the 
e f f e c t  of prolonged s t r e s s  on the  strength,  modulus, and elongation of the 
laminate. 
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Flexural S t i f f n e s s  Test 

The f lexura l  s t i f f n e s s  of the laminate w a s  measured by the heavy e l a s t i c a  

A de ta i led  tes t  procedure 
method. The der ivat ion of the equations f o r  use i n  the s t i f f n e s s  t e s t  i s  pre- 
sented i n  reference 6 and summarized i n  reference 7. 
i s  given i n  reference 8 .  

I n  the  f lexura l  s t i f f n e s s  t e s t  a s t r i p  of mater ia l  1 /2  inch wide w a s  canti-  
levered from a flat ,  horizontal  surface and allowed t o  d e f l e c t  under i t s  own 
weight. A s m a l l  weight w a s  used t o  insure t h a t  there  w a s  no 
angular r o t a t i o n  a t  the root  of the cant i lever .  Measurements were made of the  
length of overhang 2 and the angle of def lec t ion  0 of the  f r e e  end below the  
horizontal .  The flexural r i g i d i t y  E 1  i s  equal t o  the  product of w ( t h e  weight 
of the s t r i p  per u n i t  length)  and c3 where c i s  a function of 2 and 8 .  
The re la t ionship  between 8, e, and 2 i s  shown i n  f igure  4(b) .  

(See f i g .  4 ( a ) . )  

Figure 4(c)  shows the s t i f f n e s s  t e s t e r  which employs the heavy e l a s t i c a  
method. S t r i p s  of three materials,  of equal width and length,  but  of d i f f e r e n t  
s t i f f n e s s ,  a re  shown on the  t e s t e r  i n  order t o  emphasize the difference i n  
bending res i s tance .  The mater ia ls  a re  the Echo I skin, the Echo I1 laminate, 
and the four-layer Explorer IX laminate. (See r e f .  9 . )  I n  the ac tua l  s t i f f n e s s  
t es t  only one s t r i p  w a s  t e s t e d  and a c lear  p l a s t i c  cover w a s  placed over the 
t e s t e r  t o  prevent air currents  from influencing the t e s t  r e s u l t s .  To determine 
the e f f e c t  of applied and released s t r e s s  on the s t i f f n e s s  of the laminate, t e s t  
specimens were deformed at  a s t r a i n  r a t e  of 0.04 inch per inch per minute t o  
s t r e s s e s  up t o  10,000 p s i .  The s t r e s s  w a s  immediately released, the specimen 
w a s  removed from the  t e s t i n g  machine, and the s t i f f n e s s  w a s  measured as described 
above. 

RESULTS AND DISCUSSION 

The results of the s t r e s s - s t r a i n  tests, the stress relaxat ion tests, and 
the f lexura l  s t i f f n e s s  t e s t s  a re  given i n  t a b l e s  I t o  M and are  i l l u s t r a t e d  i n  
f igures  5 t o  12.  

Stress-Strain Tests & 

The s t r e s s - s t r a i n  behavior of the laminate i s  of fundamental importance t o  
i t s  u t i l i z a t i o n .  The r e s u l t s  of the  s t r e s s - s t r a i n  t e s t s  of the Echo I1 laminate, 
the PET f i l m ,  and the aluminum f o i l  a re  l i s t e d  i n  t a b l e s  I t o  N and a r e  i l l u s -  
t r a t e d  i n  f igures  5 t o  7. 

Val ldi ty  of s t r a i n  measurements.- The laminate w a s  much too t h i n  
(0.008 inch) t o  receive conventional s t r a i n  instrumentation such as wire- 
res i s tance  s t r a i n  gages, electromechanical o r  opticomechanical extensometers. 
I n  the s t r e s s - s t r a i n  t e s t s  the  increase i n  the distance between the gr ips ,  
divided by the o r i g i n a l  d i s t m c e ,  w a s  taken as the u n i t  s t r a i n  of the  t e s t  spec- 
imen. It w a s  necessary t o  determine whether t h i s  method t r u l y  represented the 
s t r e s s -  s t r a i n  behavior of the laminate. Therefore, o p t i c a l  s t r a i n  measurements 
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were made and the  curves so obtained were compared with the  curve generated 
by the  testing-machine char t .  (See f i g .  ?(a) .) 

It can be seen i n  f igure  5(a) t h a t  t h e  curve obtained with the  t e s t ing -  
machine char t  and the  data obtained by the  o p t i c a l  method are very similar. 
The s c a t t e r  i n  the  o p t i c a l  da ta  i s  t o  be expected inasmuch as the  s t r a i n  f o r  
the  curve w a s  determined a t  d i sc re t e  times r a t h e r  than continuously, as i n  the  
case of the  chart  curve. I n  addition, t he  char t  curve represents  average s t r a i n  
over a ?-inch tes t  specimen length  whereas the  o p t i c a l  da ta  show the  s t r a i n  
occurring i n  a p a r t i c u l a r  1-inch dis tance.  There a r e  f e w  da ta  poin ts  a t  the  low 
s t r e s s e s  because the  deformation r a t e  and the p ic tu re  r a t e  a re  constant with 
t i m e .  
l a rge  changes i n  load  take place i n  the  t i m e  i n t e r v a l  between successive p i c t u r e s ,  
Therefore, it w a s  necessary t o  examine the  lower por t ion  of t h e  curve i n  g rea t e r  
d e t a i l .  

However, t he  load  increases  rap id ly  at  the  beginning of t he  t e s t  and 

The results of t he  tests which were conducted t o  e s t ab l i sh  the lower p a r t  
Inasmuch as the  t o t a l  of the  s t r e s s - s t r a i n  curves a re  shown i n  figure T(b).  

s t r a i n  expected during the  t es t  i s  of t he  same order as the  reso lu t ion  of the  
camera-film reader system (0.001 inch) ,  it i s  unl ike ly  t h a t  any movement of t he  
laminate would be detected.  Therefore, t h e  considerable movement observed by 
the  camera ind ica t e s  t h a t  small areas of the  laminate may move e r r a t i c a l l y .  It 
would be v i r t u a l l y  impossible, then, t o  obtain from the  op t i ca l  method (even 
one with higher reso lu t ion)  t he  s t r a i g h t  l i n e  which w a s  generated by the  t e s t ing -  
machine chart .  

The curves discussed above ind ica te  t h a t  t h e  testing-machine char t  gives  
a good indica t ion  of ove ra l l  s t r e s s - s t r a i n  behavior of the  laminate but obviously 
cannot be expected t o  ind ica te  small t r ans i en t  changes i n  load or  s t r a i n .  The 
camera observes the  surface s t r a i n  over a small distance,  bu t  the t e s t ing -  
machine char t  records the  average deformation over t he  e n t i r e  length of t he  t e s t  
specimen. Therefore t h e  load-deformation curves generated on the  chart  a re  taken 
to be representat ive of the  ove ra l l  s t r e s s - s t r a i n  behavior of t he  laminate, t he  
aluminum f o i l ,  and the  p l a s t i c  f i l m .  

Ef fec t  of prestressing.-  Figure 6 shows f i v e  s t r e s s - s t r a i n  curves of the  
laminate i n  which the  t e s t  specimen w a s  p res t ressed  before it w a s  pul led t o  
f a i l u r e  as indicated i n  the  f igure .  The curves show a s l i g h t  change i n  the  
shape of the  s t r e s s - s t r a i n  curve and an increase i n  Youngls modulus with pre- 
s t r e s s .  There are three possible  reasons f o r  the  increase: (1) The pres t ress ing  
removes the  small creases and wrinkles from t h e  aluminum f o i l ;  (2)  it cold works 
the  aluminum f o i l ;  and ( 3 )  t he  pres t ress ing  o r i e n t s  the  PET f i l m  t o  a l imi t ed  
degree. 
values f o r  the  unstressed laminate (3 .33  x 106 p s i )  and the  calculated modulus 
(5.31 x lo6 p s i ) .  
f o r  Young's modulus of the  laminate. 

The Young's modulus f o r  the  pres t ressed  laminate fa l ls  between the  

A reasonable compromise, then, would be a value of 4 x lo6 p s i  

The results of  the  s t r e s s - s t r a i n  tests of t he  Echo I1 laminate, the  PET 
f i l m ,  and the  aluminum f o i l  a re  l i s t e d  i n  t a b l e s  I t o  I11 and a r e  i l l u s t r a t e d  
i n  figure 7 by the  s o l i d  curves. The dashed curves are explained later.  The 
s t r a i n  rates, which are shown by logarithmic sca l e s  i n  figure 7, varied from 
0.02 t o  4 inches per  inch per  minute. 

6 



Tensile strength.-  Figure 7(a) shows the  e f f e c t  of t e s t i n g  speed on the  
t e n s i l e  s t rength  of t he  Echo I1 laminate, the  PET f i l m ,  and the  aluminum f o i l .  
The t e n s i l e  s t rength of t h e  aluminum f o i l  var ies  from about 7,500 p s i  t o  
8,300 p s i  bu t  remains r e l a t i v e l y  constant over t he  range of t e s t i n g  speeds. 
t e n s i l e  s t rength  of t he  PET fila, however, increases  somewhat from about 
23,000 p s i  (one t e s t  as low as 20,000 p s i )  at  t h e  low t e s t i n g  speed t o  about 
27,500 p s i  at the  highest .  The t e n s i l e  s t rength of the  Echo I1 laminate 
increases  with t e s t i n g  speed from aboutl3,OOO p s i  t o  17,000 p s i .  

The 

Elongation.- The elongation a t  f a i l u r e  of t he  Echo I1 laminate, the  PET 
f i l m ,  and the  aluminum f o i l  are shown i n  f igure  7(b)  where three  ordinates  a re  
used i n  order t o  accommodate the  wide spread of t he  elongation values. A value 
of about 1 percent would be representat ive of t he  elongation of t h e  aluminum 
f o i l ,  and although it varies widely, t h e  elongation of t he  PET f i l m  may be taken 
as about 100 percent.  The spread i n  the values of t he  elongation f o r  the  PET 
f i l m  i l l u s t r a t e s  the l a rge  e f f e c t  t h a t  loca3 defec ts  and i r r e g u l a r i t i e s  within 
the  f i l m  have on the  mechanical proper t ies .  I n  the  laminate, however, the  PET 
f i l m  and the  aluminum f o i l  undergo the  same amount of deformation and the  elonga- 
t i o n  of the  Echo I1 laminate, when the  aluminum f o i l  breaks, varies from 5 t o  
13 percent.  

Young's modulus.- The Young's modulus of t he  Echo I1 laminate, the  PET 
f i l m ,  and the aluminum f o i l  w a s  determined at  a s t r a i n  rate of 0.04 inch per  
inch per minute. The laminate w a s  not  pres t ressed  as described previously and 
the  modulus w a s  3.33 x 106 p s i .  
a value which i s  higher than the  value of 0.55 x 106 p s i  reported by the  manu- 
f ac tu re r  f o r  0.001-inch-thick f i l m .  (See r e f .  3 . )  The higher modulus of the  
thinner  f i l m  i s  thought t o  be a result of t he  addi t iona l  s t re tch ing  which i s  
required t o  produce t h e  t h i n  f i l m .  

The modulus of the  PET f i l m  w a s  0.69 x 106 ps i ,  

The modulus of the  aluminum f o i l  as determined by the  s t r e s s - s t r a i n  t e s t s  
w a s  4.92 x lo6 p s i .  Such a v&ue seemed t o  be unreasonably low when compared 
with the  modulus of bulk aluminum of 10 x 10 6 p s i .  
cu l ty  r e su l t ed  from the  poor alinement and seat ing of t he  extremely t h i n  f o i l  
i n  t he  testing-machine g r i p s .  It was necessary, therefore ,  t o  s t r e s s  the alumi- 
num f o i l  several  times t o  a s t r e s s  s l i g h t l y  above the  y i e l d  s t r e s s  before the 
modulus could be determined. The cycling w a s  continued u n t i l  t he  f o i l  f a i l ed ,  
usua l ly  a t  s t r a i n s  of 1 t o  2 percent.  The average Young's modulus of t h e  a l u m i -  
num f o i l  determined by cycling w a s  7.90 x 106 p s i .  The highest  value obtained 
from cycles between 1,000 p s i  and 6,000 p s i  w a s  9.26 x 106 p s i .  The lower value 
of 7.90 x 106 p s i  i s  representa t ive  of t he  apparent modulus of the  aluminum f o i l  
and i s  lower than t h a t  f o r  bulk aluminum, probably because of t h e  uncertainty 
regarding the cross-sect ional  area.  

A l a rge  p a r t  of the  d i f f i -  

The aluminum had a higher elongation i n  the  laminate than it d id  as a 
f o i l ,  and it appeared t h a t  t he  adhesive used i n  the  laminate may have influenced 
t h e  t e n s i l e  proper t ies  of t h e  f o i l .  Therefore, two shee ts  of t he  f o i l  were 
cemented together  with an adhesive i d e n t i c a l  t o  t h a t  used f o r  the  three-ply 
laminate t o  fprm a two-ply aluminum laminate. Tensile tests w e r e  performed on 
the  two-ply f o i l  laminate a t  s t r a i n  rates of  0.04, 0.4, and 4 inches per  inch 
per  minute. The results of t h e  tests are given i n  t a b l e  IV and me shown by the  



dashed curves i n  f igure  7. 
aluminum-foil laminate a r e  higher than the  single f o i l  bu t  not as high as those 
for the  Echo I1 laminate. The apparent Young's modulus of the two-ply aluminum 
laminate w a s  6.30 x 106 p s i .  This value w a s  obtained by means of the s t r e s s -  
s t ra in  tes t  without stress cycling. It appears, therefore ,  t h a t  the holes and 
indentations i n  the aluminum f o i l  tend t o  lower t h e  t e n s i l e  strength,  Young's 
modulus, and elongation of t h e  f o i l  from the bulk aluminum values, but t h a t  the  
adhesive and the  process by which it i s  applied prevent the defects  from having 
a ful l  e f f e c t .  

The t e n s i l e  s t rength and elongation of the two-ply 

It w a s  pointed out  i n  "Description of Tests" t h a t  the loading r a t e  f o r  
the  mater ia ls  i n  the  Echo I1 laminate a r e  not equal. Therefore, it i s  inva l id  
t o  assume t h a t  the  laminate curves i n  figure 7 are simply an addi t ion or 
in te rpola t ion  of the  curves f o r  the PET f i l m  and the  aluminum f o i l .  It can be 
seen i n  figure 7, however, t h a t  the s t rength and elongation curves of the l ami -  
nate and the f i l m  have similar slopes. The s i m i l a r i t y  suggests t h a t  the behav- 
i o r  of the PET f i l m  s t rongly influences the behavior of the  Echo I1 laminate 
with regard t o  s t rength and elongation. The Young's modulus of the  aluminum 
f o i l ,  however, governs the modulus of the laminate. 

S t r e s s  Relaxation Tests 

The r e s u l t s  of the  t e n s i l e  s t r e s s  re laxat ion tests are given i n  tab le  V 
and are i l l u s t r a t e d  i n  f igure 8 where the  s t r e s s  i s  p l o t t e d  against  the logarithm 
of the  time i n  minutes. Tests were conducted with i n i t i a l  laminate s t r e s s e s  i n  
a lower range of 1,000 t o  5,000 ps i ,  and s t r e s s e s  i n  a higher range of 6,000 
t o  10,000 p s i .  A t  a l l  s t r e s s  l e v e l s  the  s t r e s s  decreases l i n e a r l y  with the  log- 
arithm of time. 
ind ica te  two d i s t i n c t  points of in te rsec t ion .  The curves for the  i n i t i a l  s t r e s s  
i n  the  lower range are shown t o  i n t e r s e c t  a t  a stress of about 100 p s i  and a 
logarithm of time of 17.7 while the curves f o r  the  higher range s t r e s s e s  i n t e r -  
s e c t  a t  a s t r e s s  of 1,300 p s i  and a logarithm of time 14.8. The two points of 
in te rsec t ion  may r e f l e c t  the  load which is  car r ied  by the  aluminum f o i l  and the 
PET f i l m .  A t  the  lower s t r e s s  l e v e l s  the aluminum c a r r i e s  most of the  load s o  
t h e  s t r e s s  re laxat ion curves of the laminate should be v i r t u a l l y  those of  the  
aluminum. A t  the  higher laminate s t r e s s e s ,  both t h e  aluminum and the PET f i lm 
undergo s t r e s s  re laxat ion and the laminate curves a r e  more t r u l y  representat ive 
of the behavior of the  composite material .  

The stress relaxat ion tes t  demonstrates how the laminate will r e a c t  t o  
long-time f ixed  deformation. The Echo I1 balloon w i l l  be able t o  deform and 
shrink and thus w i l l  not be subject t o  f ixed deformation. However, the infor-  
mation obtained from the s t r e s s  re laxat ion t e s t  i s  usefu l  f o r  other  appl icat ions 
of the laminate where it will be under f ixed deformation, such as ribbed so lar  
col lectors .  

If t h e  times a r e  extended as i n  f igure  8, the  curves appear t o  

Subsequent t o  each s t r e s s  re laxat ion t e s t ,  t h e  specimen w a s  loaded t o  
failure at  a s t r a i n  rate of 0.04 inch per inch per minute. 
Young's modulus obtained from the tes t  as a flmction of the s t r e s s  which w a s  
applied i n  the s t r e s s  re laxat ion test .  I n  addition, the  modulus d u e s  from 
the s t r e s s - s t r a i n  t e s t s  i n  which the  laminate w a s  prestressed a re  included. The 

Figure 9 shows the 
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curve shows t h a t  a pres t ress  on the laminate can f i r s t  decrease, then increase,  
and again decrease the Young's modulus obtained from a s t r e s s - s t r a i n  t e s t  of 
the laminate. It appears a l so  tha t  the  change i s  not t i m e  dependent but  s t r e s s  
dependent, and t h a t  long-time deformation does not have any more e f f e c t  on the 
modulus than short-time deformation does. The highest  modulus w a s  obtained with 
a laminate pres t ress  of 6,000 p s i .  

Flexural S t i f f n e s s  Tests 

The r e s u l t s  of the s t i f f n e s s  t e s t s  a re  given i n  t a b l e s  V I  and V I 1  and are  
shown i n  f igure  10. Tables V I  and V I 1  l i s t  the angle of def lec t ion  and the cal-  
culated s t i f f n e s s  f o r  each t e s t  specimen. The average f lexura l  s t i f f n e s s  of 
70 t e s t s  of the Echo I1 laminate i s  2.92 x 
f i l m  i s  1.15 x 10-6 lb-in.2,  and of 30 t e s t s  of the aluminum f o i l  i s  
4.75 x 10-6 lb-in.2.  

lb-in.2, of 18 t e s t s  of the PET 

(See t a b l e  V I . )  

Table V I 1  and f igure 10 show the e f f e c t  of previously applied s t r e s s  on 
the f lexura l  s t i f f n e s s  of the Echo I1 laminate. Such s t r e s s  may a r i s e  from fab- 
r ica t ion ,  handling, deployment, and i n f l a t i o n  loads.  The s t r e s s  i s  applied 
p r i o r  t o  the s t i f f n e s s  t e s t  so t h a t  the measured s t i f f n e s s  r e f l e c t s  the e f f e c t  
of any modulus change o r  mechanical damage which has been experienced by the 
laminate during loading. Loading the laminate t o  f a i r l y  low s t r e s s  l e v e l s  
increases the  s t i f f n e s s  s l i g h t l y  t o  a m a x i m u m  which occurs at  a pres t ress  of 
4,000 p s i .  (See f i g .  10.) For p r e s t r e s s  above 4,000 p s i ,  however, the s t i f f -  
ness of the laminate fa l l s  of f  rapidly u n t i l ,  f o r  a p r e s t r e s s  of 10,000 p s i ,  the 
s t i f f n e s s  i s  one-third t h a t  of the unstressed laminate. It appe,ars then t h a t  
the loading of the laminate tends t o  make the laminate s t i f f e r  up t o  a point,  
but  beyond t h a t  point,  s t i f f n e s s  decreases. Therefore, i n t e r n a l  pressure i n  
the balloon which r e s u l t s  i n  skin stress i s  benef ic ia l  from the standpoint of 
s t i f f n e s s  as long as the laminate s t r e s s  does not exceed 4,000 p s i .  

The Effec t  of Fabrication and Handling Loads 

The data  discussed previously have been obtained from material  which had 
not been used f o r  any purpose except t e s t i n g .  There are,  however, cer ta in  
handling loads t o  which the laminate i s  subjected i n  normal use. For example, 
the laminate receives an amorphous phosphate coating f o r  the  purpose of thermal 
control of the s a t e l l i t e .  (See r e f .  10.) I n  addition, t h e  laminate receives a 
cer ta in  amount of wear during fabr ica t ion  and folding f o r  placing i n t o  the 
cani s ter  . 

S t r e s s - s t r a i n  properties.-  Tensile t e s t s  were conducted on three  d i f f e r e n t  
samples of the Echo I1 laminate which represented d i f f e r e n t  degrees of handling. 
The first group of samples w a s  taken from the unfabricated laminate which had 
been t r e a t e d  with an amorphous phosphate coating. (See ref. 10.) The second 
group had been fabricated i n t o  a f u l l - s c a l e  backup satell i te folded i n t o  a 
canis te r  and i n f l a t e d  i n  a vacuum chamber. The t h i r d  group of t e s t  specimens 
w a s  taken fronl a 30-inch tes t  balloon which had been i n f l a t e d  several  t i m e s  i n  
a vacuum chamber. Both the skin and the seams from the 30-inch balloon were 
tes ted .  The r e s u l t s  of the tes ts  a t  0.04, 0.4, and 4 inch per inch per minute 
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are l i s t ed  i n  table VI11 and are  shown i n  f igu re  11. Modulus t e s t s  w e r e  con- 
ducted at a s t r a i n  r a t e  of 0.04 inch per  inch per minute. Included i n  f igu re  11 
are  da ta  from t a b l e  I on the  t e n s i l e  s t rength  and elongation of Echo I1 laminate 
which has not  been subjected t o  handling loads.  

I n  f igure  11 it can be seen t h a t  t he  e f f e c t  of handling loads on the  
s t r e s s - s t r a i n  proper t ies  of the  laminate i s  as follows: 

(a) The laminate with the amorphous phosphate coating had a higher t e n s i l e  
s t rength than the  control  laminate and t h e  Young's modulus w a s  2.81 x 106 p s i .  
The overa l l  r e s u l t s ,  however, are comparable t o  the  control  proper t ies .  

(b)  The samples taken from the  f u l l - s c a l e  backup balloon showed a con- 
s iderable  drop i n  Young's modulus t o  0.60 x 106 ps i .  
t he  cracked condition of the  aluminum f o i l .  The cracks i n  the  f o i l  contributed 
t o  the  higher than control  elongation a t  the  lowest t e s t i n g  speed. 
there  i s  l i t t l e  change r e l a t i v e  t o  the control  values. 

This drop w a s  caused by 

Otherwise, 

( c )  The tes t  r e s u l t s  of the  samples taken from the  30-inch t e s t  balloon 
are similar t o  those obtained with samples of t h e  backup balloon except t h a t  
Young' s modulus dropped t o  1.23 x 106 p s i .  

as the  skin (Young's modulus w a s  1.18 x 106 p s i )  except f o r  t he  high elongation 
at the  highest  t e s t i n g  speed. The elongation i s  possibly due t o  the  e x t r a  l aye r  
of adhesive and tape i n  the  seams. I n  general ,  the  handling and fabr ica t ion  
loads have l i t t l e  e f f e c t  on the  t e n s i l e  s t rength  of the  Echo I1 laminate, 
decrease the  Young's modulus, and increase the elongation. 

(a) The seams taken from the  30-inch balloon have about t he  same proper t ies  

Flexural s t i f fnes s . -  Samples of t he  Echo I1 laminate were taken from the  
30-inch t e s t  balloon t o  determine the  e f f e c t  of handling loads on the  flexural 
s t i f f n e s s .  The tes t  specimens, i n  t h e i r  o r ig ina l  condition, were wrinkled i n  
such a way t h a t  the  s t i f f n e s s  values would be influenced. Therefore, each 
specimen w a s  loaded t o  a ce r t a in  s t r e s s  and then the s t i f f n e s s  w a s  measured. 
The p r e t e s t  s t r e s s e s  were 3,000, 5,000, 7,000, and 10,000 ps i .  The t e s t  r e s u l t s  
a re  l i s t e d  i n  t a b l e  M and a re  shown i n  f igu re  1 2  which includes the  s t i f f n e s s  
curve of the  control  laminate from f igure  10. To take i n t o  account any r e s i d u d  
s t r e s ses  which might have been locked i n t o  the  laminate, the  s t i f f n e s s  t e s t s  
were performed with both the  outside and the  ins ide  l a y e r s  of t he  laminate i n  
tension. 
the  bottom layer ,  i n  compression. 

During the  s t i f f n e s s  tes t  the top l a y e r  of t he  laminate i s  i n  tension; 

The s t i f f n e s s  of the  sample of laminate taken from the  30-inch balloon 
w a s  higher than t h e  s t i f f n e s s  of t he  control  laminate. The curve obtained from 
the  tests with the outside l aye r  i n  tension i s  v i r t u a l l y  l i n e a r  with s t r e s s .  
A t  t he  lower s t r e s s e s  the  s t i f f n e s s  i s  considerably higher than the  control 
s t i f fnes s ,  bu t  f o r  a p res t r e s s  of 10,000 p s i  t he  s t i f fnes ses  are about equal. 
The curve f o r  the  in s ide  l aye r  i n  tension has a shape t h a t  i s  similar t o  bu t  i s  
higher than the  control  curve. A p a r t  of the  increased s t i f f n e s s  may have been 
caused by small wrinkles i n  the  t ransverse d i r ec t ion  which were not  pul led out  
when the  laminate s t r i p s  w e r e  loaded. It would appear then t h a t  t he  inflation 
t e s t i n g  of a 30-inch tes t  balloon tends t o  increase t h e  s t i f f n e s s  of t he  
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laminate. Considering t h e  s m a l l  s ize  and t h e  grea te r  care which i s  possible  
during fabr ica t ion ,  it i s  questionable whether the  f l e x u r a l  s t i f f n e s s  r e s u l t s  
obtained with the  30-inch balloon would apply t o  the  f u l l - s c a l e  Echo I1 
s a t e l l i t e .  

CONCLUSIONS 

The mechanical proper t ies  of  t h e  Echo I1 laminate have been determined by 
means of s t r e s s - s t r a i n  t e s t s ,  s t r e s s  re laxat ion t e s t s ,  and f l e x u r a l  s t i f f n e s s  
t e s t s .  The following conclusions a r e  made on the  b a s i s  of these t e s t s :  

1. The t e n s i l e  s t rength  of t h e  laminate ranges from 13,000 t o  15,000 p s i  
based on the  t o t a l  thickness  area.  
and t h e  elongation at  break i s  8 t o  10 percent.  
poly [ethylene terephthalate] f i lm  i n  t h e  laminate s t rongly inf luences the  
behavior of t he  laminate with regard t o  s t rength and elongation. However, t h e  
aluminum f o i l  cont r ibu tes  subs t an t i a l ly  t o  t h e  Young's modulus and the  f l e x u r a l  
s t i f f n e s s  of t h e  laminate. The f l e x u r a l  s t i f f n e s s  of 1/2-inch-wide s t r i p s  of 
t h e  laminate i s  2.92 x lb - in .  The s t i f f n e s s  tends t o  decrease when the  
laminate i s  pres t ressed  above 4,000 p s i .  

The Young's modulus i s  about 4 x 10 6 p s i ,  
The behavior of t h e  

2. The load-deformation curves generated by t h e  s t r i p  char t  recorder on 
t h e  t e s t i n g  machine a r e  representa t ive  of t he  ove ra l l  s t r e s s - s t r a i n  behavior of 
t h e  laminate. Samples of t h e  laminate which have been pres t ressed  have a higher 
Young's modulus than samples which have not been prestressed.  

3 .  The s t r e s s  re laxa t ion  t e s t s  ind ica te  t h a t  t h e  laminate has a lower 
r a t e  of s t r e s s  decay i n  a lower s t r e s s  range (up t o  3,000 p s i )  than it does i n  
a higher range (6,000 t o  10,000 p s i ) .  The s t r e s s - s t r a i n  t e s t s  conducted a f t e r  
s t r e s s  re laxat ion had taken place,  together  with t h e  t e s t s  i n  which t h e  laminate 
w a s  prestressed,  i nd ica t e  t h a t  p res t ress ing  t h e  laminate br ings  about a change 
i n  Young's modulus which i s  stress-dependent and not time-dependent. 

4. The handling and f ab r i ca t ion  loads have l i t t l e  e f f e c t  of the  t e n s i l e  
s t rength  of t h e  laminate. These loads,  however, do tend t o  decrease the  Young's 
modulus and increase t h e  elongation. The successive i n f l a t i o n  of a 30-inch t e s t  
balloon increases  the  s t i f f n e s s  of t h e  laminate over t h a t  of t h e  cont ro l .  I f  
t h e  laminate i s  s t ressed  t o  10,000 l b / sq  i n .  before the  s t i f f n e s s  i s  measured, 
then t h e  balloon skin and t h e  cont ro l  have a s t i f f n e s s  of about 1 x loe4 lb- in .  2 

Langley Research Center, 
National Aeronautics and Space Administration, 

Langley S ta t ion ,  Hampton, V a . ,  March 9 ,  1964. 
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TABLE I. - TENSILE PROPERTIES OF 1/2-INCH BY ?-INCH S P E c m S  OF THE ECHO I1 LAMINATE 

Strain rate, Tensile strength, Elongation, , I  Strain rate, Tensile strength, Elongation, 
in. /in. /min psi percent I in. /in. /min ' psi percent 

0.02 13,800 
.02 13 j 700 
.02 12,000 
.02 12,400 
.02 12,700 

.04 12,700 

.04 12,700 

7.8 0.4 
6.2 .4 
2.7 .4 
3.0 .4 
8.3 

1 
1 

j 1 
5 03 
4.6 

13 , 300 
13,500 
13,500 
13,600 

15,200 
. 14,900 

14,900 

7.6 
7.5 
9.0 
8.5 

14.0 
11.2 
12.0 

1 .04 12,900 7.7 : I  1 I 15,100 14.0 
.04 
.04 

.1 

.1 

.1 

.1 

.1 

.2 

.2 

.2 

.2 

.2 

- 13,000 

14,600 

14,800 

13,000 

I 14,300 
14,300 

14,400 

14,300 
14,400 

14,700 
14,700 

14,600 

7.5 :I1 1 
8 05 

I 15 ; 200 

9 *5 
9.0 
9.0 

13 05 
10.0 

9.0 
8.6 
9 08 
10.8 
11.6 

14 , 300 - 
15,000 
15, ooo 
15,500 
15 300 

14,000 
14,100 
14,300 
14,300 

14.0 

5 - 2  
9.2 
12 .o 
18.0 
12.0 

8.0 
8.0 
8.0 
8.4 



TABLIE I1 - TENSILE PROPEETIES OF 1/2-INCH BY ?-INCH SPECIMESTS OF 0.00035-INCH-THICK 

POLY [E?l"EN3 TERFPHTHALtTE] FILM 

S t r a i n  r a t e ,  
in .  /in. /min 

0.02 
.02 
.02 
.02 
.02 

.04 

.04 
-04 
.04 

.1 

.I 

.I 

.1 

.I 

.2 
.2 
.2 
.2 
.2 

Tensile strength, 
p s i  

29,400 

26,800 
21,200 

20,000 
20,000 
20,100 
21, LOO 

22,700 

26,900 

24,200 

19.500 

23,000 
24,500 

24,500 

23 9 900 
28,400 
26,300 
25,200 
27,200 

Elongation, 
percent 

142 
91 

121 
79 
80 

45 
47 
57 
140 

94 
81 
93 

115 
94 

102 
138 
130 
121 
116 

St ra in  r a t e ,  
in .  / in ,  /min 

0.4 
.4 
.4 
.4 
.4 

1 
1 
1 
1 
1 

2 
2 
2 
2 
2 

4 
4 
4 
4 
4 

Tensile strength, 
p s i  

29,200 
27 , 500 
27 , 500 
27 , 300 
21,100 

27 , 700 
. 30,600 

31,100 
24,300 
24,500 

22,200 
23,800 
32,200 
27,800 
20,000 

32,800 
28,900 

20,200 
30,000 

27,000 

Elongation, 
percent 

118 
109 
115 
114 
65 

129 
149 
148 
93 
95 

68 
77 

132 
101 
34 

136 
116 
130 
54 

119 



TABLE 111.- TENSILE PROPERTIES OF 1/2-INCH BY ?-INCH SPECIMENS OF 0.0002-INCH-THICK 

1080 ALUMINUM FOIL 

Stra in  rate, Tensile strength, Elongation, S t r a in  rate, Tensile strength, Elongation, 
in./in./min 1 p s i  percent i n .  /in. /min ps i  percent 

0.02 
.02 
.02 
.02 
.02 

.04 

.04 

.04 

.04 

.04 
I 

.1 

.1 

.1 

.1 

.1 

.2 

.2 

.2 

.2 

.2 

8,100 
7 700 
8,470 
7,630 
8,180 

7,900 
8,100 
8,000 
8,040 
8,550 

8 , 900 

8,000 
8,400 
8,450 

8,300 

8,100 
8,800 
8,100 
8,600 
8,600 

1.1 
1.0 
1.2 
1.0 

99 

1 .8 
1.0 
1.0 
1.0 
1.4 

1.3 
1.2 

* 9  
1.1 
1.0 

1.0 
1.0 
1.0 
1.0 
1.0 

0.4 8,100 
.4 8,700 
.4 8,500 
.4 ! 8,200 
.4 7,900 

7,200 
8,200 
8,200 

8,100 
7,800 
8,000 
7,900 
7,800 

8,700 
7,500 
8,200 
7,500 
7,000 

0.9 
1.4 
1.1 
1.2 
.8 

99 
1 . 3  
.8 
1.1 
1.1 

1.0 
1.0 
1.0 
1.0 
1.0 

1.2 
1.4 
1.6 
.8 
1.2 



TABLE IVI - TENSILE PROPERTIES OF 1/2- INCH BY 5 -INCH SPEclDENS OF 

TWO-PLY, 0.0002-INCR-TIIICK, 1080 ALUMINUM FOIL LAMINATE 

S t r a i n  rate, 
i n .  / in.  /min 

0.04 
.04 
.04 
.04 

.4 

.4 

.4 

.4 

4 
4 
4 
4 

Tensi le  s t rength ,  
p s i  

9,700 
10 , 100 
9,800 
9,600 

10 , 200 
10,200 
10,400 
10,700 

10 , 000 
10 , 000 
10,000 
10 , 000 

~ 
-~ __ _ _  

Elongation, 
percent 

....- 

1.8 

1.8 

1.8 
1.9 
2.2 
2 *5 

1.2 
1.6 
1.6 
1.6 

2.2 

1.4 

-~ - 

16 



TABLE V -  - TENSILE STRESS RELAXATION AND POST-TEST TENSILE PROPERTIES 

OF 1/2- BY 5-INCH SPECIMEN OF ECHO I1 LAMINATE 

1,000 
1,140 
1,175 
1,800 
1,980 
3,000 
3,090 
4,050 

5,000 

6,000 

8,000 

.o,ooo 

Post-test t e n s i l e  properties i Stress  a t  a time of - 
I n i t i a l  

965 960 940 920 880 855 835 815 780. 765 745 7251 690 
1,040 1,025 1,000 g80 965 935 890 880 860 840 820 810 775 
1,090 1,075 1,060~ 1,040 1,030,1,005 995 965 925, 915 915' 930 935 
1,700 1,680 1,660 ----- 1,600 1,570 1,560 1,550 1,540 1,550 1,500 1,560 1,680 
1,830 1,810 1,760 1,720 1,690 1,640 1,580 1,540 1,470 1,440 1,390 1,350 1,270 
2,770 2,730 2,670 2,610 2,550 2,470 2,410 2,350 2,250 2,190 2,130 2,070 1,990 
2,880 2,850 2,790 2,740~2,700 2,620 2,580~ 2,530 2,450 2,410 2,360 2,320 2,170 
3,830 3,790 3,720 3,660 3,610 3,520 3,470 3,390 3,300 3,270 3,190 3,160 3,060 
3,800 3,740 3,680 3,600 3,530 3,430 3,390 3,300 3,180 3,090 3,020 -e--- 2,900 
4,690 4,630 4,540 4,460 4,370 4,270 4,200 4,100 3,980 3,880 3,770 3,700 ----- 
4,680 4,620 4,540 4,470 4,400 4,490 4,230 4,140 4,030 3,940 3,850 3,720 3,670 
5,960 5,620 5,540 5,470 5,380 5,270 5,180 5,090 4,960 4,850 4,740 4,620 4,530 
5,640 5,570 5,550 5,400 5,310 5,180 5,080 4,960 4,820 4,810 4,740 4,620 4,480 
7,520 7,420 7,260 7,120 6,990 6,830 6,710 6,580 6,420 6,280 6,140 6,000 5,910 
7,610 7,520 7,390 7,290 7,170 7,010 6,8a 6,720 6,550 6,420 6,280 6,120 6,020 
9,500 9,390 9,210 9,050 8,880 8,680 8,530 8,360 8,100 7,890 7,600 7,400 7,170 
9,520 9,410 9,240 9,090 8,900 8,700 8,510 8,300 8,010 7,820 7,640 7,380 7,180 

modulus, young's Elongation 

psi  percent 

---- 
25.3 
11.5 
36.1. , 
31.3 
25.5 
16.2 
12.1 
1.9 
34.1 
38.1 
8.4 ---- 
-9 ' 
1.9 
2.1 
4.0 



TABU V I .  - FLEXURAL STIFFNESS OF 1/2-INCH-WIDE STRIPS OF ECHO I1 LAMINATE, 

0.00035 -INCH-THICK POLY @€MIENE T E R E P m T g  FILM, 

AND 0.0002-INCH-THICK 1080 ALUMINUM FOIL 

Deflection 
angle, 
deg 

11 
11 
11 
1 2  
12 
12 
13 
13 
14  
14  
14  
15 
15 
15 
16 
16 
16 
16 
16 

18 
18 
18 
19  
19 
22 
23 
25 
25 
26 
27 
27 
27 
28.5 
29 
29 
29 

17 
17  

Length of 
overhang, 

in. 

Echo I1 laminate 

2.25 
2.34 
2.47 
2.73 
2.79 
2.80 
2.88 
3.27 
2.49 
2.92 
3.08 
2.11 
2.75 
2.82 
2.82 
2.86 
2.96 
3.05 
3-05 
2.68 
2.98 
2.83 
3.00 
3.10 

3.38 
2.61 
3.67 
3.45 
3.60 
3.79 
3.67 
3.72 
3.73 
3.73 
3-70 
3.73 
3.99 

2.94 

Flexural 
stiffness, 
lb -in. 2 

2.04 10-4 
2.29 
2.69 
3 =32 
3.58 
3.62 
3.63 
5 *32 
2.16 
3.49 
4.09 
1.26 
2-73 
2.87 
2.80 
2.86 
3-17 
3.47 
3.47 
2.21 
3-03 
2.43 
2.90 
3.21 
2 -57 
3-91  
1.53 
4.02 
3.04 
3.46 
3.83 
3-31 

;:289 
3-25 
3-09 
3.16 
3 .f37 
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0 00035 -INCH-THICK POLY TEEEPHTHALATa FILM, 

AND 0.0002-INCH-THICK 1080 ALUMINUM FOIL - Continued 

overhang 
Deflection I Length of I Flexural 

s t i f fness ,  
lb-in.2 

angle 
deg 

30 
31 
31 
32 
33 
34 
34 
34 
36 
36 
39 
40 
42 
42 
45 
45 
45 
45 
45 
45 
46 
47 
47 
47 
47 
47.5 
48 
48 
49 
49 
50 
50 

. _  

3-70 
3 -83 
4.35 
3.68 
3-35 
3 -52 
3.84 
3.89 
3-17 
3 -59 
3-90 
4.48 
4.00 
4.86 
4.34 
4.51 
4.59 
4.65 
4.68 
4.7'2 
4.56 
4.66 
4.67 
4.69 
4.83 
3.98 
4.08 
4.35 
4.44 
4.75 
4.49 
4.94 

2.95 10-4 
3.13 
4.58 
2.65 
1.91 
2.12 
2.75 
2.83 
1.41 
2.02 
2.32 
3.36 
2.20 
3.92 
2.47 
2.75 
2.90 
3.02 
3-07 
3-15 

2-79 
2.74 

2.81 
2.85 
3.12 
1.71 
1.80 
2.18 
2.22 
2-73 
2.21 
2.81 



TABLE VI. - FLEXURAL S T I m S  OF 1/2-INCH-WIDE STRIPS OF ECHO I1 LAMINATE, 

0.00035 -INCH-THICK POLY[PITELm T E R E F P I " T ~  FILM, 

AND 0.0002-INCH-THICK 1080 ALUM.tNcTM FOIL - Concluded 

20 

Deflection 
angle, 
deg 

1 2  
12 
13 
19 
28 
30 
34 
35 
39 
42 
42 
5 1  

18 
18 
22 
22 
25 
27 
27 
27 
28 
34 
39 
40 
40.5 
41 
41 
42 
44 
44 
45 
3 1  
54 
55 
55 -5 

Length of 
overhang, 

i n .  
~~ ~ 

Flexural 
s t i f fness ,  
lb-in.2 

- ~ ~~ -~ ~ ~ 

Poly Ethylene terephthalate7 f i l m  
-~ 

~~ 

0.52 - 55 
* 55 
.87 
75 

-94 
90 
87 - 92 
96 

1.09 
1.27 

Aluminum f o i l  
-_II_ - 

1.11 
1.13 
1.16 
1.23 
1.30 
1.07 
1.24 
1.68 
1.37 
1.28 
1.49 
1.52 
1.48 
1.58 
1.94 
1.45 
1.64 
1.65 
1-55 
1.81 
1.72 
1.83 
1.91 

.- ~ .~ 

~- ~. ~ ~~ ~ -~ 
7.11 10-7 
8.42 
7.77 

20.53 
8.30 

14.86 
10.85 
9.49 
9.36 
9.28 

13.58 
14.66 

= - 
~ 

~. I - ~  - ~ 

4.77 x 10-6 
4.44 
4.55 
5.41 
5.47 
2.77 
4.31 

10 73 
5-57 
3.43 
4.35 
4.43 
4.00 
4.78 
8.84 
3-54 
4.64 
4.72 
3.77 
4.67 
3-53 
4.10 
4.56 

- - 



TABLF: VI1 . -  THE EFFECT OF APPLlED AND RELEASED TENSILE STRESS 

ON THE FLExuRp;L STIFFNESS O F  1/2-INCH-WIDE 

STRIPS OF ECHO I1 LAMnvATE 

Stress, 
ps i  

0 

3,000 
3,000 
3 , 000 
3,000 

4,000 
4,000 
4,000 
4 , 000 
4,000 

5 000 
5,000 
5,000 
5,000 
5,000 
5,000 
5 , 000 
5,000 

6,000 
6,000 
6, ooo 
6,000 
6,000 
6,OOo 
6, ooo 
8,000 
8,000 
8,000 
8,000 
8 , 000 
8,000 
8,000 
8,000 
8,000 

10,000 
10,000 
10,000 
10 , 000 
10,000 
10,000 
10,000 
10,000 
10,000 
10,000 

---- 
23.5 
29.5 
10 
41 

22 
31 
12.5 
34 
14 

35.5 
J5.5 
37.5 
a . 5  
39 
22.5 
11 
48 

39 
41.5 
18.5 
49 
36.5 
11.5 
51 

52 
56.5 
28.5 
12.5 
56.5 
34.5 

58.5 
18.5 

28.5 

53 
55.5 
40.5 
1 6  
58 
38.5 
13 
58.5 
34.5 
12.5 

Length of 
overhang , 

in .  

---- 
3 -30 
3.35 
2.66 
4.00 

3.45 

2.90 
3.76 
3.02 

4.02 
3.29 
3.67 
2 .80 
3.37 
2.74 
2 .oo 
4.00 

3.93 
3.77 
2.82 
3.85 
3.14 
2.13 
4.00 

4 .OO 
4.02 

3 .40 

3.01 
2.32 
3.96 
3-07 
2.24 
4.15 
3 -19 

4.00 
3.44 
2-79 
2.08 
3.53 
2.78 
2.04 
3.69 
2.78 
2.04 

Flexural 
s t i f fness ,  
lb- i n  .2 

a2.92 10-4 

2.87 
2.24 

b5.08 
2.28 

3.54 
2.18 

b5.38 
2.57 

b3.87 

2.95 
b4.49 

2.36 

1.50 

1.66 

1.86 

2.65 

b i  .66 
1.49 

bl. 94 

bl -73 
b1.43 

2 -37 

'2.35 

bl -35 

1.42 
1.21 

b1.71 
bl -97 

b1.37 
b1.17 

2 .43 

1.16 

b2.03 

1.41 
.79 

b.79 
b1.10 

.77 
b.86 

b1.29 
.86 

b1.01 
bl -35 

aAverage of 70 tests (see table V I ) .  
bAdditional tests made on same s t r ip .  
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TABLE V I I I . -  THE EZFECT O F  FABRICATION AND HANDLDIG LOADS ON THE 

!ENSrLE PROPERTIES OF 1 /2 - INCH BY 5-INCH SPECIMENS 

OF THE ECHO I1 LAMI” 

Tensile 
strength, Strain rate, 

i n .  / in .  /min 
Elongation, 

percent 
I I 

Laminate w i t h  an amorphous phosphate coating 

0.04 
.04 
.04 

.4 

.4 

.4 

4 
4 

0.04 
.Ob 
.04 
.04 
.04 

.4 

.4 

.4 

.4 

4 
4 
4 
4 

12,900 
13,100 
13,200 

13,600 
12,800 
13,400 

14,300 
14 , 300 

13,900 
14,100 
14,200 

14 , 100 

14,200 
14 , 200 
13,800 
13,800 

13,700 

14,500 
14,700 
14,700 
14,400 

l 

12,200 
12,200 
15,500 

12,900 

12,900 
12,500 

13,300 
13 , 300 
13,500 

I Seams f r o m  a 30-inch balloon 

13,100 
10,900 
13,500 

13,gOO 
13 7 900 
13,700 
13,800 

15,100 
14,500 1 

7.7 
8.8 
9.0 
7 e 1  
9.5 

7.6 
9.1 
7 *1 
8.0 

8.4 
11.2 
8.8 

10.4 

40.0 
10.0 
11.6 

9.2 
5 -2 
9.6 

10.4 
11.2 

17.2 
15.0 
15.8 

8.4 
12  .o 
8 .o 

13.6 
12.0 
10.4 

6.8 
4.0 
8.6 

10.0 
9 -0  

16.5 
9.3 

17.2 
20.8 

22 . 



TABLE M.- THE EFFECT OF APPLED ANJ3 RELEASED TENSILE STRESS ON THE FLXX!JRAL 

STIFFN!ISS OF ECHO I1 LAMINATE TAKEN FROM A 30-INCH TEST BAUOON 

.- 
Length of  
overhang, 

i n .  

Outside l q e r  i n  tension 
. . . . . . -. 

19 
23 
ll 
24 

22 
29 
41 
17 

26 
18.5 
33 
17 
10 
43 
25 
10 

36 
16 
43 
12  
44 
1 2  

- .  -___ 

3 -90 
3.96 
2.85 
3.98 

3.76 
4 .03 
4.30 
3 -05 

3.85 
2.88 

2.16 
4.08 
3 .oo 
1.83 

2.61 
1.69 
3.16 
2.05 
3.08 
1.88 

4.02 
3 -05 

Inside layer i n  tension 

28 
14.5 
29 
16  
37 
20.5 

17 
29 
34 
10 
37 
18 

14 
27 
18.5 
10 
28 
33 
10 

44 
15 
50 
21 
55 
18 

-.. __-__ 
aAdditionaJ. t e s t s  made on Same 

4.19 
3 -03 
4 .00 
2 -97 
4.17 
3 *I5 

3.20 
4.11 
4.03 
2-97 
4.25 
3 -09 

2.92 
3.96 
3.01 
1.92 
3 -85 
4 .OO 
3 .Ob 

3.76 
2.61 
4.35 
3 -09 
4.13 
2.89 

- 

; t r ip .  

Flexural 
s t i f fness ,  
lb- in .2  

6.00 x 10-4 

4.58 
3.97 
2.85 

9 . 2 4  

4.00 
a2.50 
3 -29 

9 . 3 6  
a2.01 
2.22 

a1.99 
a1.22 

.79 
&.59 
1.03 

a1.44 
.86 

I .09 

-. 

2.54 x 10-4 
a3.77 
3.88 

a3.20 
3.11 

a2.92 

3.73 
4.23 
3 -29 

a7 .03 
3.28 

9.18 

3.49 
4.16 

3.66 
3.22 

"5.99 

1.66 
az! .33 
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\18 m i l  aluminum f o i l  

.35 m i l  PET f i lm 

v 
.18 m i l  aluminum f o i l  

Figure 1.- Construction of the Echo I1 laminate. 
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(a) Aluminum f o i l .  

(b) Echo I1 laminate.  

Figure 2.- Micrographs of the  shiny s ide  of 0.00018-inch 1080 aluminum f o i l  and Echo I1 
laminate at lOOX magnification. Le f t  micrograph made i n  d i r e c t  l i g h t ,  r i g h t  
micrograph i n  oblique l i g h t .  
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(a) S t r e s s - s t r a i n  t e s t .  (b )  Modulus t e s t .  L-64-3037 

Figure 3 . -  Frames taken from the  photographic records O f  t h e  s t r e s s - s t r a i n  t e s t  and t h e  modulus 
t e s t s  i n  which t h e  s t r a i n  w a s  measured o p t i c a l l y .  
d i rec t ion .  

The load  i s  appl ied i n  t h e  v e r t i c a l  
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(a) Schematic diagram of t h e  heavy e l a s t i c a  method of measuring s t i f f n e s s .  

Figure 4.- S t i f f n e s s  t e s t e r  employing t h e  heavy e l a s t i c a  method fo r  measuring t h e  s t i f f n e s s  
o f  the  Echo I1 laminate .  
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( b )  The re la t ionship  between the  def lec t ion  angle e and the  r a t i o  of c / 2  f o r  a 
cant i lever ,  where c i s  the bending length  and 2 i s  the  length  of overhang. 

Figure 4.- Continued. 
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L-64-3036 

( c )  S t i f f n e s s  t e s t e r  showing the  r e l a t i v e  s t i f f n e s s  of the  Echo I, Echo 11, 
and the  Explorer IX laminate. 

Figure 4.-  Concluded. 
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'S I l l  I I  I I 15 103 

0 Resolution 2 .002 

Strain 

(a) Stress-strain tests. 

Figure 5.- Stress-strain curves of the Echo I1 laminate for a strain rate of 0.04 inch per inch 
per minute. 
points were obtained by means of optical measurements. 
reader system is indicated. 

The solid curves were generated by the testing machine recorder and the data 
The resolution of the camera-film 
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Figure 6.- Tensile stress-strain curves of the Echo I1 laminate obtained at a strain rate of 0.04 inch per inch 
per minute after the test specimen had been loaded to the indicated stress. 
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( b )  Elongation. 

Figure 7.- Tensi le  s t rength  and elongat ion of the  Echo I1 laminate, the PET film, 
and t h e  aluminum f o i l  f o r  s t r a i n  r a t e s  of 0.02 t o  4 inches per  inch per minute. 
The dashed curves show the  mechanical proper t ies  of t h e  two-ply 1080 aliiminum- 
f o i l  laminate which was t e s t e d  at s t r a i n  r a t e s  of 0.04, 0.4,  and 4 inches per  
inch per  minute. 
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Figure 9.- The Young’s modulus of the Echo I1 laminate as a function of the prestress 
applied to the laminate. A l l  stress-strain tests were conducted at a strain rate of 
0.04 inch per inch per minute. 
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Figure 10.- Flexural s t i f f n e s s  of the  Echo I1 laminate as a funct ion of  applied and 
re leased  t e n s i l e  s t r e s s .  The e r r o r  f l a g s  i n d i c a t e  the  spread i n  the da ta .  
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( b )  Ful l -scale  s a t e l l i t e .  

16 103 
.A I 

10 L 
LI 

4 -1 .04 .4 
S t r a i n  r a t e ,  min 

( c )  30-inch bal loon.  ( d )  30-inch bal loon seams. 

Figure 11.- The e f f e c t  of fabr ica t ion  and handling loads on the  t e n s i l e  proper t ies  
1,f the Echo I1 lwninate. 
iubjected t o  handling loads a r e  shown by the dashed curves. The clashed curves 
a r e  taken from f igure  7 .  

The proper t ies  of the laminate which had not keen 
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Figure 12 . -  The e f f e c t  of a p p l i e d  and r e l e a s e d  t e n s i l e  s t r e s s  on t h e  f l exura l  
s t i f f n e s s  o f  t h e  Echo I1 l amina te  which was taken from a 30-inch t e s t  
ba l loon .  The curve from f i g u r e  10 i s  shown f o r  comparison. 
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